Effective management strategies for Atlantic cod (Gadus morhua) in the Gulf of Maine require stock assessments based on accurate estimates of its abundance and distribution. If multibeam echosounders are to provide data for such estimates, the relationship between acoustic backscatter and fish biology must be better understood. Working towards this goal, a series of acoustic measurements was made using a 120 kHz, split-beam echosounder (Simrad EK60) and a 300 kHz, multibeam echosounder (Kongsberg EM3002). The transducers from both systems were fixed to a platform over a submerged 98 m 3 cage made of 5 cm stretchednylon mesh. After standard-sphere calibrations, the cage was stocked with live, mature Atlantic cod, with a mean total length of 80.7 cm (range: 51.5 -105.0 cm). The echosounders synchronously collected acoustic data, while the cod were monitored with two underwater video cameras. Cod were incrementally removed from the cage to provide a time-series of acoustic backscatter at four densities (n ¼ 128, 116, 66, and 23). Backscatter measurements of cod are compared between echosounders and over time, and the factors affecting the acoustically derived density estimates are discussed. The benefits and limitations of the EM3002 are highlighted.
Introduction
Fishery-acoustic techniques can overcome some of the limitations and sampling biases of traditional trawl surveys and provide important biological information on fish density and biomass, spatial distribution, and behaviour. Single-, dual-, and split-beam echosounders are commonly used for surveying fish populations, but multibeam technology has only recently been adapted for fishery research, following developments in hardware, digital acquisition of acoustic backscatter in the water column, and threedimensional visualization of acoustic data Mayer et al., 2002) . Potential uses of multibeam technology in fishery research go beyond just seabed mapping and classification (Mayer et al., 1999) . Multibeam echosounders can expand observations of fish by providing larger sample volumes, better spatial resolution of fish distributions, and potentially fewer behaviourrelated sampling biases than surveys using conventional echosounders and trawls.
Multibeam echosounders have been used to investigate a variety of schooling pelagic species, such as Atlantic herring and Atlantic mackerel (Misund, 1993) , capelin (Hafsteinsson and Misund, 1995) , sardine and anchovy (Gerlotto et al., 1999; Soria et al., 2003) , and clupeids (Gerlotto and Paramo, 2003; Paramo et al., 2007) . These studies have provided information about three-dimensional spatial distributions (Gerlotto et al., 1999) , school morphology and classification (Gerlotto and Paramo, 2003) , migration and swimming behaviour (Hafsteinsson and Misund, 1995) , and abundance (Misund, 1993; Gerlotto et al., 2000) , and have also provided some fisheries-relevant behavioural findings on diel migrations, vessel avoidance, and gear performance (Hafsteinsson and Misund, 1995; Soria et al., 1996; Gerlotto et al., 1999 Gerlotto et al., , 2000 . However, accurate and precise estimates of fish biomass, and numerical abundance, are difficult to derive from multibeam echosounder data without accurate calibration, background-noise reduction, predicted target strength (TS) vs. incidence angle, and advances in processing software (Gerlotto et al., 2000; Cochrane et al., 2003) .
Although acoustic technology has been applied successfully to survey pelagic species, there have been fewer applications for demersal species. Acoustic surveys of Atlantic cod (Gadus morhua) and haddock have not been widely developed in the (Nakken and Olsen, 1977; Fedovota and Shatoba, 1983; Rose and Leggett, 1988) , caged fish (Foote, 1983; Edwards and Armstrong, 1984; Goddard and Welsby, 1986; Rose and Porter, 1996) , and wild fish (Rose and Porter, 1996; McQuinn and Winger, 2003) . Rose and Porter (1996) used 38 and 120 kHz, dual-beam echosounders for TS measurements of individual Atlantic cod inside a monofilament mesh bag, large enough for the fish to swim in freely. Interpretation of any TS measurement requires consideration of the variation as a result of diel changes in body orientation and depth, and the associated compression and decompression of gas-filled swimbladders (Simmonds and MacLennan, 2005) . In this study, split-beam and multibeam echosounders are used to estimate indices of abundance of Atlantic cod of known sizes and numbers in a cage.
Methods

Experimental setup
The cage (98 m 3 ) was made from 5 cm stretched-nylon mesh ( Figure 1) . A floating platform made from high-density polyethylene pipe (10.2 -25.4 cm diameter) supported the cage. The cage was suspended by eight lines, and the bottom of the net was weighted by a rectangular steel frame. Two underwater video cameras provided upward-and sideward-looking records of the spatial distribution and behaviour of cod during the experiments.
A 300 kHz, multibeam echosounder (Kongsberg EM3002; Seafloor Information System, SIS Ver. 3.4.1) and a 120 kHz, splitbeam echosounder (Simrad EK60) were used to collect acoustic backscatter of live, mature Atlantic cod in the cage. The EM3002 generates 160 beams with nominal beam widths of 1.58 Â 1.58, covering a 1308 swathe. The beam width of the EK60 transducer (ES120-7G) was 78. Both transducers were mounted on a rigid pole, with the EM3002 array in the centre and the EK60 transducer mounted on one side. The transducers were lowered from a bridge across the centre of the cage to a fixed depth of 1 m, for the duration of the experiment (Figure 1 ). The cage was positioned directly under the transducers and fastened so as to be least affected by currents. The depth of the bottom of the cage varied between 6.5 and 11 m (Table 1) , because of raising and lowering the cage to remove cod. The 11-m depth was used to compare backscatter at two depths (8 and 11 m). Sound speed was continuously monitored (Odom Digibar-Pro) at the transducer depth for input to the beamforming calculations, and sound speed profiles of the full water column were taken periodically. The 10-m RV "Cocheco" provided power and shelter for the electronics. Transmissions from the EK60 were synchronized to the trigger of the EM3002. Bandwidths and pulse durations were 8 kHz and 199 ms for the EM3002, and 5.6 kHz and 512 ms for the EK60, respectively.
Both systems were calibrated using a standard sphere (Foote et al., 1987) . A 38.1-mm-diameter tungsten-carbide sphere was used to calibrate the EM3002, and a 23-mm-diameter copper sphere was used to calibrate the EK60. The cage was lowered so that the top of the cage was 12 m below the transducers, then in succession, each sphere was attached to a monofilament line and lowered by a fishing rod from the transducer platform to a depth of 8 -10 m. For the EM3002, calibration of all beams (Foote et al., 2005) was not feasible. Therefore, the calibration gain was estimated and applied during post-processing as the difference between the TS of the sphere measured in the 20 most vertical beams and the theoretical TS (38.1 dB at 300 kHz with an 8 kHz bandwidth; K. Foote, pers. comm.) .
Experiments
The acoustic characteristics of the empty cage were measured before stocking it with cod. Visual inspection of the echograms revealed that the top and bottom of the net formed discrete echoes in the EK60 echogram, and all four sides were resolved in the EM3002 images. Therefore, the bottom of the cage was positioned at between 6.5 and 11 m depths for the experiments.
Live Atlantic cod were collected on spawning grounds 10 -15 km off the coast of New Hampshire, USA, and the cage experiments were done nearby at the Open Ocean Aquaculture site (Chambers and Howell, 2006) , located 1.6 km south of the Isles of Shoals. The cod were collected at depths between 60 and 80 m, using an otter trawl of 16.5 mm mesh during 13 10-30-min tows with FV "Stormy Weather", on 21, 22, and 25 June 2007. The total length (L T ) of each cod was measured, and those of L T . 110 cm or ,50 cm were released. Retained cod were placed for transport in insulated polyethylene containers, each with a volume of 1 m 3 . A continuously running deck hose circulated and exchanged the water in the containers during transit to the cage. Moribund or dead cod were not placed in the cage. The initial 195 cod in the cage were subsequently reduced by either mortality or removal to 128, then 116 and 66, and finally 23 fish (with approximate densities of 1.31, 1.18, 0.67, and 0.23 fish m
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, respectively, assuming the fish were homogeneously distributed throughout the cage volume). The cod were acclimated over 48 -72 h post-capture, with their rate of descent and ascent restricted to 3 m depth per 30 min. After each stage of the experiment, individual cod were removed from the cage with large dipnets, then measured, counted, and returned to the ocean. The L T of cod ranged from 52 to 105 cm in the experiment, and the mean L T was 80.7 + 10.9 cm (+s.d.). The mean L T was not significantly different among the four densities (ANOVA, p ¼ 0.802, Table 1) .
Some 96 h after stocking the cage, a video camera revealed that 34% of the cod (n ¼ 67) had died and settled on the cage bottom. The dead fish were acoustically resolved from the live cod and were not included in the analysis volume. Therefore, the initial population only totalled 128 cod, and not n ¼ 195. On subsequent days, the observed 24 h mortalities decreased to 6.9% (n ¼ 8), 3.0% (n ¼ 2), and 4.4% (n ¼ 1). Because the timing and locations of these deaths during the data collections were unknown, no adjustments were made in the analyses to the nominal population sizes (i.e. 128, 116, 66, and 23 cod were used). Gonads from dead cod (n ¼ 70) removed from the cage revealed that 37% were female and 63% were male.
Data analysis
The primary objectives of this study were to compare acousticbackscatter measurements from the EM3002 and EK60 with known cod abundances. EK60 data were post-processed using Echoview (Myriax Software Pty. Ltd., Hobart, TAS, Australia). Statistical analyses were done using SAS (SAS Institute Inc., Cary, NC, USA) and R (The R Foundation for Statistical Computing, www.r-project.org) software.
EM3002 data were post-processed using Matlab (Math Works, Natick, MA, USA). The raw amplitude (64 dB dynamic range) from the water column measured by the EM3002 was defined as
where EL is the echo level, SL the source level, a the attenuation coefficient, V TX and V RX are, respectively, the transmitting and receiving beam widths (radians), R the range (m) from the transducer, and C the calibration gain (R. Eckhoff, Kongsberg, pers. comm.). The product of V TX and V RX approximates (Kinsler et al., 2000) the effective solid angle (c; Maclennan et al., 2002) in the definition of volume-backscattering strength (S v , dB) for the EM3002 (Figure 2a 
where X ¼ 30 is the range-dependent, time-varied gain applied during the collection of A WC (30 log 10 R), c (m s
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) the sound speed, and t (s) the pulse duration. Mean volume-backscattering strength ( S v ), calculated as a temporal average of each voxel, was displayed for visual selection of the spatial domain within the cage encompassing the cod, but not including echoes from the cage (Figure 2b -e) . To investigate short-term variability (i.e. ping-to-ping), the S v was calculated for each transmission by spatially averaging across selected beams within the cage (Figure 3) .
To minimize correlation between pings, the S v was calculated by averaging spatially (i.e. from all selected beams within the cage) and temporally (1 min intervals; 60 pings; Figure 4 ). This time interval provided temporally independent samples (correlation length % 50 s). The overall S v was computed from an average of the 1 min and spatially averaged S v . This mean was Acoustic measurements of captive Atlantic cod used as a relative index of cod abundance. To exclude contributions by background noise and non-cod scatterers, minimum S v thresholds of 236 and 230 dB (Jech and Michaels, 2006) were applied to data from the EM3002 and EK60, respectively. These thresholds reduced background noise by 93.3 and .99.9%, while reducing the S v attributed to cod by 1.3 and 1.3%, respectively. Computations were done in the linear domain and presented in the logarithmic domain.
Results
The swathe images from the EM3002 revealed differences in spatial and temporal distributions, and S v within the cage stocked with 128, 66, and 23 cod (Figure 2b -e) . During a 1000 ping sequence, ping-to-ping S v for selected EM3002 beams varied over 14 dB for the depth layer of the caged cod (Figure 3) . Trends in S v were apparent for the four populations (Figure 4) . The split-and multibeam echosounders demonstrated similar trends, except for the S v for each voxel averaged over 1000 pings with 116 cod in the cage; (d) S v for each voxel averaged over 1000 pings by the EM3002, where the voxels within the red rectangle were used for analysis of fish density and voxels within the white rectange for estimation of S v threshold; (e) S v for each voxel averaged over 1000 pings with 23 cod located towards the lower side of the cage; (f and g) S v from the 120 kHz, EK60 split-beam echosounder, with a minimum threshold of S v ¼ 230 dB, with 128 cod (f) and 66 cod (g) in the cage.
large variability in the EK60 data when only 23 cod were present (Figure 4d ). The S v for each echosounder for the initial cod population and sequential reductions of 9, 48, and 82% are presented ( Table 1 ). The S v from the EM3002 decreased as cod were removed from the cage, except for the 66 cod stage, where they remained densely congregated in the middle (Figure 2d and g ). With 52% of the initial population size, S v was highest at both depths on 27 June ( Table 1 ). The S v estimated from both echosounders was highest and lowest for the 66 and 23 cod stages, respectively. The S v estimated from the EK60 data was similar for cage populations of 116 and 66 cod. The S v estimated from the EM3002 and the EK60 data was reduced by 9.9 and 9.4 dB, respectively, when the initial cod population was reduced by 82%. These differences were larger than the observed variability (the range was 6 dB for the EM3002 and 7 dB for the EK60) in the time-series of the 60-ping-averaged S v of the initial 128 cod. The S v of the cage containing 66 cod was 0.7 dB different when the cage was lowered from 8 to 11 m (Table 1; Figure 4c ). The S v from the 29 central beams of the EM3002 overestimated the 9 and 82% reductions in initial cod abundance as 35% (+26%) and 90% (+8%), respectively. However, data from both the EM3002 and the EK60 showed increases in S v ranging from 17 to 280% rather than the expected 48% decrease owing to the reduction in cod abundance on 27 June.
Discussion
These results demonstrate the capability of a hydrographic multibeam echosounder to detect cod in the water column, describe their spatial distribution, and measure large differences in their biomass or density. However, for both the EM3002 and the EK60, the acoustic-density estimates were not proportional to the known fish biomass at intermediate stocking densities. The observed differences between S v and fish abundance may have resulted from side-lobe interference from the cage, or cod behaviour, or a combination of both factors. The S v was expected to decrease proportionally with the number of cod removed from the cage (assuming linearity in echo-integration; Foote, 1983) , which requires random and homogeneous distributions of targets within the acoustic beams, and constant fish orientations. The narrow (78) beam of the 120-kHz transducer makes the EK60 more sensitive to non-uniform distributions of cod within the cage compared with the EM3002, because the multibeam S v was averaged over 60 ping intervals and selected depth layers inside the cage. Transducers were at a fixed depth and the cage was lowered from 8 to 11 m on 27 June.
array has a much larger insonified volume. Conversely, the EK60 is less sensitive to variability resulting from transducer rotation (yaw) than the EM3002. Measurements from both echosounders can be affected by the patchiness of the cod and their pitch and roll, even within a controlled environment such as a cage (Figure 2 ). For example, on 27 June, the cod were densely congregated in the centre of the cage and were consistently insonified by the most vertical EM3002 beams. Other factors, such as the large fish lengths relative to the beam widths and short measurement ranges relative to the nearfield range for the multibeam array (7 m), potentially contributed to the observed variability in acoustic-abundance estimates.
Data from the EM3002 and the underwater video cameras described the spatial distribution and behaviour of cod in the cage. This information elucidated differences between the expected cod densities and those estimated using the EK60 data at intermediate densities. Those estimated with the EK60 data tended to be biased high when the cod were concentrated near the centre of the cage and low when they were distributed non-uniformly to either the sides or the bottom. The S v should theoretically have been proportional to the densities when cod were homogeneously distributed, but the S v of the homogeneously distributed 128 cod measured by the EK60 was 3.7 dB lower than that expected based on the number of fish, cage volume, and predicted TS (Rose and Porter, 1996) . The percentage change in cod abundance detected by changes in S v was 235% for the EM3002 and +95% for the EK60 when the number of cod was reduced by 9%. Without additional information, it was difficult to determine whether the S v of the initial population was lower because of changes in tilt-angle, which could have lessened the difference between these two percentages, or whether the spatial distribution on the second day could have accounted for the differences in S v between the echosounders.
The EM3002 is a hydrographic instrument modified to collect water-column data. Its performance for measuring S v is limited by a 64 dB, dynamic range, split-beam phase detection in the athwartships direction only, and a nearfield range of 7 m. The newer fisheries multibeam echosounder, Simrad ME70, has several advantages over hydrographic multibeam echosounders, such as an adjustable beam width (2.2-208) and split-beams operating at multiple frequencies (Trenkel et al., 2008) . Regardless of these and other limitations, a calibrated EM3002 has great potential for improving surveys of cod. To realize the full potential of the EM3002, additional research should include calibration of all beams, single-target detections and TS estimations, and quantification of the effect of different incidence angles and overlapping beams on volume-backscatter measurements. Ultimately, the intent is to use a single EM3002 to collect useful data concurrently for both fisheries and hydrographic surveys.
